The activity-regulated cytoskeletal-associated protein (Arc/Arg3.1) is an immediate early gene that has been widely implicated in hippocampal-dependent learning and memory and is believed to play an integral role in synapse-specific plasticity. Here, we examined the role of Arc/Arg3.1 in amygdala-dependent Pavlovian fear conditioning. We first examined the regulation of Arc/Arg3. 
Introduction
Fear conditioning is a type of associative learning in which an animal comes to exhibit a defensive response to a neutral conditioned stimulus (CS) after repeated pairings with an aversive unconditioned stimulus (US). In the laboratory, this is typically accomplished by pairing a light or tone (CS) with a brief electric shock to the feet (US).
The use of fear conditioning for the study of memory presents several advantages to the investigator: it is quickly acquired, it is long lasting, and it is common to a number of species (LeDoux, 2000) . As a result, fear conditioning has been readily characterized at the behavioral, neurophysiological, and pharmacological levels (LeDoux, 2000; Blair et al., 2001; Maren, 2001) . Collectively, findings suggest that fear conditioning involves integration of CS and US inputs in the lateral nucleus of the amygdala (LA), where alterations in synaptic transmission encode key aspects of the learning . Lesions of the LA interfere with fear conditioning (LeDoux et al., 1990; Nader et al., 2001) , and fear conditioning induces neural plasticity in the LA (Quirk et al., 1995; Rogan et al., 1997; Goosens and Maren, 2004; Schafe et al., 2005) . Furthermore, recent reports have indicated that fear conditioning requires the activation of several membrane-bound receptors in the LA, including the NMDA receptor (NMDAR) and the L-type voltage-gated calcium channel (L-VGCC) (Miserendino et al., 1990; Rodrigues et al., 2001; Bauer et al., 2002) , the activation of growth factor receptors (Rattiner et al., 2004) , protein kinase signaling pathways (CaMKII, PKA, ERK/MAPK, PI-3 kinase) Lin et al., 2001; Rodrigues et al., 2004b) , and the transcription factor CREB (Josselyn et al., 2001 ). However, whereas much has been learned about the intracellular signaling mechanisms that contribute to fear learning and memory formation, little remains known about the downstream genes that underlie long-term storage of fear memories.
One candidate downstream target of cAMP-ERK-CREB signaling during fear conditioning is the activity-regulated cytoskeletal-associated protein (Arc/Arg3.1). Arc/Arg3.1 is a unique immediate early gene (IEG) that can be induced by neural activity and specifically trafficked and localized to recently potentiated synapses where it can interact with structural proteins as well as proteins critical to synaptic plasticity (Steward et al., 1998; Steward and Worley, 2001a) . Importantly, Arc/Arg3.1 has been shown to be upregulated at synaptic sites during conditions that induce long-term synaptic plasticity (Steward et al., 1998; Moga et al., 2004) . In the hippocampus, for example, spatial learning and memory induces Arc/Arg3.1 mRNA and protein at CA1 synapses (Montag-Sallaz and Montag, 2003) , and antisense inhibition of Arc/Arg3.1 in the hippocampus impairs long-term memory consolidation and synaptic plasticity in the dentate gyrus (Guzowski et al., 2000) . Thus, it is thought that Arc/Arg3.1 is critical for synapse-specific plasticity and may help explain how transcription of genes in the nucleus leads to long-lasting alterations at far away synaptic sites (Steward and Worley, 2002) .
Although involvement of Arc/Arg3.1 has been extensively documented in hippocampal-dependent memory systems, less is known about its role in other types of learning and memory. In this study, we have examined the role of Arc/Arg3.1 in memory consolidation of amygdala-dependent Pavlovian fear conditioning. We first show that Arc/Arg3.1 mRNA and protein is upregulated in the LA in an associative manner after fear conditioning and LTP-inducing stimulation of the LA. We next show that antisense inhibition of Arc/Arg3.1 translation in the LA impairs fear memory consolidation. Finally, we show that fear conditioning-induced upregulation of Arc/Arg3.1 in the LA requires ERK/MAPK activation.
Materials and Methods
Subjects. Adult male Sprague Dawley rats (Hilltop Labs) were housed individually in plastic cages and maintained on a 12 h light/dark cycle. Food and water were provided ad libitum throughout the experiment.
Quantitative real-time PCR. Rats were habituated to handling for 2-4 d before training. "Paired" rats received three conditioning trials consisting of a 20 s, 5 kHz, 75 dB tone that coterminated with a 1 s, 0.5 mA foot shock. The intertrial interval (ITI) was, on average, 120 s, and the total training time lasted 9 min. Thirty min after training, rats were deeply anesthetized with CO 2 and decapitated. "Immediate Shock" control rats were placed in the conditioning chamber and immediately given three 0.5 mA foot shocks, and were killed 30 min later. This procedure allows the experimenter to control for shock-induced changes in gene expression in the absence of a context-shock association (Fanselow, 1980) . "Tone Alone" rats were placed in the conditioning chamber and exposed to three tones (20 s, 5 kHz, 75 dB) without receiving shocks. "Naive" control rats were handled and killed without exposure to the box. Immediately after removal, brains were frozen and stored at Ϫ80°C until processed. For time course gene expression experiments, rats were killed either 30, 90 or 180 min after fear conditioning.
Fresh frozen rat brains were mounted on a sliding freezing microtome and tissue was removed to approximately Ϫ3.6 Bregma. The coronal plane was brushed with RNA Later (Ambion) to prevent RNA degradation and to provide rigidity to the tissue slice during dissection. A 480-m-thick section was taken (between approximately Ϫ3.6 and approximately Ϫ3.1 Bregma) and placed in a glass dish with RNA Later. The LA was selectively microdissected using an X-ACTO knife. The dissection was performed on top of a light box to illuminate the amygdala and surrounding structures allowing for accurate microdissection of the LA. The microdissected LA was immediately placed in ice-cold Microfuge tubes, frozen on dry ice, and placed at Ϫ80°C until RNA isolation. Samples were homogenized in the Microfuge tube with 800 l of TRIzol Reagent (Invitrogen) with a plastic pestle. RNA isolation was performed according to the manufacturer's instructions. To enhance precipitation, 10 g of RNase-free glycogen (Invitrogen) was added. The isolated total RNA was DNase treated in a 100 l reaction with 6.8 Krunitz Units of DNase I (Qiagen) for 10 min at room temperature followed by total RNA purification using the RNeasy MinElute Kit (Qiagen). RNA purification was performed according to the manufacturer's instructions.
Quantitative real-time PCR (qRT-PCR) was performed using the ⌬⌬Ct method as described previously (Ploski et al., 2006 ) using qRT-PCR primers for Arc/Arg3.1 (forward primer CCCTGCAGCCCAAGT-TCAAG; reverse primer GAAGGCTCAGCTGCCTGCTC). Relative gene concentrations were normalized against GAPDH (forward primer GCATCCTGCACCACCAACTG; reverse primer ACGCCACAGCTT-TCCAGAGG). Data for paired, immediate shock, and tone alone animals were normalized to the average value of naive controls, and data were analyzed using ANOVA.
In situ hybridization. For in situ hybridization experiments, Paired, Immediate Shock, and Naive rats were prepared as above. RNA radioactive probes were generated by PCR amplification using gene-specific primers for Arc/Arg3.1 (forward primer GGTGAGGATGGGCAAC-CAAG; reverse primer aatacgactcactatagggaga-TGCTTCTGTGGCAG-GTCCAG). The reverse primer included a T7 template sequence (shown in lowercase). Rat hippocampal cDNA was used as the template for PCR, which was performed in a MJ-Mini Gradient Thermal Cycler (Bio-Rad) using the Quantitect Sybr Green PCR kit (Qiagen). The PCR product was purified by ethanol precipitation and was resuspended in TE buffer. One microgram of the 300 bp PCR product was used to produce radiolabeled probe using a T7-based in vitro transcription kit (Megashortscript; Ambion) using [
35 S]CTP (75 Ci) and [ 35 S]ATP (75 Ci). Removal of unincorporated nucleotides after the in vitro transcription reaction was performed using Sepharose spin columns (Roche).
In situ hybridization was performed as described previously (Newton et al., 2003) . Briefly, cryostat cut frozen sections (15 m) were slidemounted, and stored at Ϫ80°C until further processing. Slide mounted sections were fixed in 3% paraformaldehyde and ethanol dehydrated. Sections were then air dried for 1-2 h, followed by hybridization with the 35 S-radiolabeled antisense probe in a sealed humid chamber at 55°C for 14 -18 h. Slide mounted sections were then washed, air-dried, and slides were exposed to autoradiographic film (BioMax MR, Kodak) for 2-7 d. Relative gene expression changes were determined using NIH ImageJ (http://rsb.info.nih.gov/ij/). Gene expression intensity was normalized against film background for each section, and averages were determined for at least two sections per slide per rat. Data were analyzed using ANOVA.
Western blotting. For Western blotting experiments, Paired, Immediate Shock, and Naive rats were prepared as above, with the exception that they were killed 2 h after training or shock exposure. Before decapitation rats were given an overdose of chloral hydrate (250 mg/kg; i.p.), and brains were frozen at Ϫ80°C until processed. Punches containing the LA were obtained with a 1 mm punch tool (Fine Science Tools) from 400-m-thick sections taken on a sliding freezing microtome. Punches were manually dounced in 50 l of ice-cold hypotonic lysis buffer [10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM ␤-glycerophosphate, 1% Igepal CA-630, 1% protease inhibitor mixture (Sigma), and 1 mM sodium orthovanadate]. Protein concentrations were assessed and normalized across homogenates using a Bradford assay. Sample buffer was immediately added to the homogenates, and the samples were boiled for 4 min. Homogenates were electrophoresed on 10% Tris-HCl gels and blotted to Immobilon-P (Millipore). Western blots were blocked in TTBS buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) with 5% dry milk and then incubated with an anti-Arc/Arg3.1 antibody (1:1000; Santa Cruz Biotechnology). Blots were then incubated with anti-rabbit conjugated to horseradish peroxidase (Cell Signaling) and developed using West Dura chemiluminescent substrate (Pierce Laboratories). Western blots were developed in the linear range used for densitometry. Densitometry was conducted using NIH ImageJ software. To control for inconsistencies in loading, optical densities were normalized to either actin or GAPDH proteins. Data for paired and immediate shock animals were normalized to the average value of naive controls, and data were analyzed using ANOVA.
Immunohistochemistry. For immunohistochemical experiments, Paired, Immediate Shock, and Naive rats were treated as in the Western blot experiments. Two hours after training, rats were rapidly and deeply anesthetized with chloral hydrate (250 mg/kg, i.p.) and perfused through the heart with phosphate buffered saline (PBS), followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were removed and postfixed in 4% paraformaldehyde-PB for 12 h and then cryopro-tected in 20% glycerol-0.1 M PB for 48 -72 h. Free-floating sections (40 m) containing the amygdala were cut using a sliding microtome. Every sixth section was processed for Arc/Arg3.1 immunoreactivity. After blocking in PBS containing 1% bovine serum albumin (BSA; Sigma Fraction V, Cat #A-3059)-0.1% Triton X-100, slices were incubated overnight at room temperature in anti-Arc/Arg3.1 antibody (mouse monoclonal, 1:500; Santa Cruz Biotechnology) in PBS-1% BSA-0.1% Triton X-100. After extensive washes in PBS, tissue sections were visualized using VectaStain ABC kit (Vector Laboratories) and developed in DAB peroxidase substrate (Sigma) for 5 min. Sections were mounted on Fisherbrand electrostatic slides and coverslipped.
Sections from comparable anterior-posterior levels were selected for scoring, ϳ3.2-3.3 mm posterior to Bregma. At this level, the LA, CE, and basal nuclei are all well represented (see Fig. 1e ). Cell counts were taken from at least 3 sections per rat and scored using a defined boundary roughly equivalent to the size of the LA using NIH ImageJ. Because every sixth section through the amygdala was processed for immunohistochemistry, it was not necessary to correct for double-counting. For analysis, cell counts were averaged into a single score for each rat, and data were analyzed using ANOVA.
Electrical stimulation experiments. For LTP stimulation experiments, rats (300 -350 g) were anesthetized with Urethane (2 i.p. injections at 10 min intervals; total of 1.6 mg/kg) and placed in a stereotaxic frame. The skull was exposed over the auditory thalamus (medial geniculate nucleus and posterior intralaminar nucleus; MGm/PIN), the dura was retracted, and rats were implanted with a bipolar stimulating electrode into the MGm/PIN. Coordinates for MGm/PIN were Ϫ5.0 anterior-posterior, 2.9 medial-lateral, Ϫ6.6 dorsal-ventral. One-half hour after implantation of the stimulating electrode, rats were given LTP-inducing (highfrequency) stimulation (HFS) consisting of three series of thetapatterned 100 Hz tetani given once a minute at a stimulation intensity of 300 A, 100 s (Yaniv et al., 2001; Doyère et al., 2003) . Low-frequency stimulation controls received the same total number of pulses as rats in the LTP group (300 total pulses over 2 min) but at lower frequency (2.5 Hz) (Schafe et al., 2008) . In all stimulation experiments, current was applied such that it moved from the tip to the tube of the bipolar stimulation electrode. For analysis, we expressed values on the side of the brain ipsilateral to the stimulation as a percentage of those on the contralateral side.
Oligodeoxynucleotide design and preparation. Arc/Arg3.1 and scrambled ODNs (Midland Certified Reagent Company) were designed under guidelines described in the study by Guzowski et al. (2000) . The Arc/ Arg3.1 ODN encoded an antisense sequence for the Arc/Arg.31 mRNA sequence near the translation start site (Lyford et al., 1995) . The scrambled ODN, which does not show significant homology to any sequences in the GenBank database (Guzowski et al., 2000) , served as a control. Both ODNs contained phosphorothioate linkages on the three terminal bases of both the 5Ј and 3Ј ends and phosphodiester internal bonds, as this nucleotide design is reportedly more stable than unmodified phosphodiester ODNs in vivo and less toxic than fully phosphorotioate ODNs (Guzowski et al. 2000) . The following sequences were used ("ϳ" denotes a phosphorothioate linkage): 5Ј-GϳTϳCϳCAGCTCCATCTGCTϳCϳ GϳC-3Ј (antisense) and 5Ј-CϳGϳTϳGCACCTCTCGCAGCϳTϳTϳ C-3Ј (scrambled). This antisense sequence has been shown to effectively knock down Arc/Arg3.1 protein expression in the hippocampus and to exhibit a high degree of specificity for Arc/Arg.3.1 relative to other IEGs (Guzowski et al., 2000) .
Verification of ODN diffusion and knockdown. To verify diffusion of the Arc/Arg3.1 oligonucleotide in the LA and its effectiveness in knocking down Arc/Arg3.1 protein expression, rats were first infused with a biotinylated Arc/Arg3.1 antisense ODN (Midland Certified Reagent Company). The biotin-Arc-ODN was infused bilaterally at the dose and volume used in the behavioral experiments (2 nmol; 1 l), and rats were killed by perfusion either 3 or 6 h later. Brains were sectioned on a microtome at 40 m as described above, and sections containing the LA were processed using a standard ABC-DAB reaction to visualize the extent of the distribution and cellular uptake of the ODN. To verify knockdown, rats were cannulated as described above and given intra-LA infusion of Arc/Arg3.1 antisense ODN on one side of the brain and scrambled ODN on the contralateral side (both 2 nmol; 1 l). Rats were then killed either 3, 6, or 24 h later as described for the Western blotting experiments (see above). Punches taken from around the cannula tips were assayed for Arc/Arg3.1 protein using Western blotting. For analysis, levels of Arc/Arg3.1 protein on the antisense-infused side were expressed as a percentage of those on the side infused with scrambled ODN.
Behavioral procedures. Behavioral procedures were conducted as described previously (Schafe et al., 1999; . Under a mixture of Ketamine (100 mg/kg) and Xylazine (6.0 mg/kg) anesthesia, rats were implanted bilaterally with 23-gauge stainless steel guide cannulas aimed at the LA. The coordinates for the LA were: Ϫ3.2 mm, Ϯ5.0 mm, Ϫ8 mm relative to Bregma. The guide cannulas were fixed to screws in the skull using a mixture of acrylic and dental cement, and a 28-gauge dummy cannula was inserted into each guide cannula to prevent clogging. Rats were given Buprenex (0.2 mg/kg) as an analgesic and given at least five d to recover before experimental procedures. All surgical procedures were conducted in accordance to the National Institutes of Health Guide for the Care and Use of Experimental Animals and were approved by the Yale University Institutional Animal Care and Use Committee. Rats were given at least 5 d to recover before experimental procedures.
On the day before conditioning, rats were habituated to the conditioning chamber and to dummy cannula removal for a minimum of 10 -15 min. The following day, rats were given bilateral intra-LA infusion of either Arc/Arg3.1 antisense or scrambled ODN (0.2 or 2 nmol; 1 l). The infusion cannulas were allowed to remain in the LA for at least 2 min following the infusion to allow ODNs to diffuse throughout the LA.
Six hours after ODN infusions, rats were trained with a single conditioning trial consisting of a 30 s, 5 kHz, 75 dB tone that coterminated with a 1.0 s, 1.5 mA foot shock. Testing for conditioned fear responses (freezing) was conducted at 3 h (short-term memory; STM) and 24 h (longterm memory; LTM) after conditioning. For each test, rats were placed in a distinctive environment consisting of a flat black plastic floor that had been washed with a distinctive peppermint soap (for details, see Schafe et al., 1999) and exposed to five CS tones (5 kHz, 75 dB, 30 s). Total seconds freezing during the CS presentations was scored for each rat, and this number was expressed as a percentage of the total CS presentation time. For analysis, freezing across each trial was averaged into a single score for each memory test. All data were analyzed with ANOVA and Duncan's post hoc t tests. Differences were considered significant if p Ͻ 0.05.
To verify whether ODN infusion might have produced delayed damage to the LA, antisense-infused rats were reconditioned ODN-free ϳ1 week later. As before, rats were retrained using a single conditioning trial consisting of a 30 s, 5 kHz, 75 dB tone that coterminated with a 1.0 s, 1.5 mA foot shock and retested for retention of auditory fear conditioning ϳ24 h later.
At the end of each behavioral experiment, rats were anesthetized by an overdose of chloral hydrate (250 mg/kg) and perfused with 10% buffered formalin. Nissl staining and light microscopy were used to verify the location of the cannula tips within the amygdala.
MEK inhibitor experiments. Cannulated rats were given an intra-LA infusion of either 0.5 l of 50% DMSO (vehicle) or U0126 in 50% DMSO (1.0 g/side in 0.5 l). U0126 (Promega) was dissolved in 100% DMSO to a final stock concentration of 4 g/l. For infusion, the drug was diluted 1:1 in ACSF. U0126 is a specific inhibitor of MAP kinase kinase (MEK), an upstream regulator of ERK/MAPK activation (Favata et al., 1998) . The effects of U0126 have been shown to be specific to ERK/ MAPK and to have no effect at a range of concentrations on other kinases, such as PKA, calcium-calmodulin kinase II, or PKC (Roberson et al., 1999) .
After infusion of vehicle or U0126, injectors remained in the guide cannulas for 1 min to allow diffusion of the drug from the tip. Rats were conditioned 30 min after infusion and killed 2 h after training by either decapitation or perfusion (as described above). For Western blotting experiments, amygdala punches taken from around the tip of the infusion cannulas were homogenized and processed for Arc/Arg3.1 protein as described above. Blots were then stripped with 0.2 NaOH and reprobed with an antibody against phospho-ERK (Cell Signaling). To control for inconsistencies in loading, optical densities were normalized to total ERK protein. Data for U0126 animals was normalized to the average value of vehicleinfused controls, and data were analyzed using ANOVA. For immunohistochemical experiments, brain sections containing the amygdala were processed for Arc/Arg3.1 protein as described above.
Results
Fear conditioning and LTP-inducing stimulation regulate transcription and translation of Arc/Arg3.1 in the lateral amygdala Previous studies have shown that Arc/ Arg3.1 is activated in an input-specific manner during hippocampal LTP (Steward et al., 1998; Moga et al., 2004) and required for hippocampal-dependent synaptic plasticity and memory formation (Guzowski et al., 2000) . Although extensively studied in hippocampal learning, the role of Arc/Arg3.1 in amygdaladependent learning and memory has not received comparable attention. A recent study, however, showed that global genetic deletion of Arc/Arg3.1 impairs both contextual and auditory fear conditioning in mice , suggesting that Arc/Arg3.1 regulation in the LA during fear conditioning might be critical for fear memory consolidation and associated synaptic plasticity. In this first series of experiments, we therefore used a combination of qRT-PCR, in situ hybridization, Western blotting, and immunohistochemistry to examine whether auditory fear conditioning and LTP-inducing stimulation of thalamic input synapses to the LA regulate Arc/Arg3.1 mRNA and protein in the LA.
Auditory fear conditioning regulates Arc/ Arg3.1 mRNA in the LA The findings of our Arc/Arg3.1 mRNA experiments are presented in Figure 1 . In these experiments, we first examined the time course of Arc/Arg3.1 mRNA expression in the LA after fear conditioning. Rats were given 3 tone-shock pairings and killed either 30, 90, or 180 min after training. Relative to naive controls, we observed a peak of Arc/Arg3.1 mRNA at 30 Figure 1 . Fear conditioning regulates Arc/Arg3.1 mRNA in the lateral amygdala. a, Schematic of the behavioral protocol. Rats were habituated to handling, conditioned with 3 pairings of a tone and shock, and killed at 30, 90, or 180 min after training. In other experiments, rats received either three tone-shock pairings (Paired), three immediate shocks (Imm. Shock), or three tones (Tone Alone), and were killed 30 min later. All groups were compared against a group of naive rats that had been handled but given no further stimulation (Naive). b, Time course analysis of Arc/Arg3.1 mRNA expression in the LA after fear conditioning using qRT-PCR. Rats received 3 pairings of tone and shock and were killed at either 30, 90, or 180 min later (n ϭ 8, each group). *p Ͻ 0.05 relative to the naive group. c, Quantification of Arc mRNA in the LA of Paired (n ϭ 7), Imm. Shock (n ϭ 9), and Naive (n ϭ 8) groups using qRT-PCR. *p Ͻ 0.05 relative to Naive and Imm. Shock groups. d, Quantification of Arc mRNA in the LA of Paired (n ϭ 7), Tone Alone (n ϭ 5), and Naive (n ϭ 7) groups using qRT-PCR. *p Ͻ 0.05 relative to Naive and Tone Alone groups. (n ϭ 7) , Imm. Shock (n ϭ 7), and Naive (n ϭ 6) groups using in situ hybridization. *p Ͻ 0.05 relative to Naive and Imm. Shock groups. min after fear conditioning using qRT-PCR (Fig. 1b) . The ANOVA revealed a significant effect for group [F (3,28) Next, we used qRT-PCR and in situ hybridization to examine whether training-induced regulation of Arc/Arg3.1 mRNA in the LA is specific to associative fear learning rather than exposure to either tone or shock alone. Rats were given 3 tone-shock pairings as before and killed 30 min after conditioning. As a control, a separate group of rats was exposed to 3 immediate shocks of equivalent duration and intensity, a protocol that does not support fear conditioning (Fanselow, 1980) . In a separate experiment, rats receiving 3 tone-shock pairings were compared against those receiving presentation of 3 tones in the absence of shock. In each experiment, all groups were compared with a naive control group. In the LA, qRT-PCR revealed that fear conditioning leads to a significant increase in Arc/Arg3.1 mRNA relative to immediate shock and naive controls (Fig. 1c) . The ANOVA revealed a significant effect for group [F (2,21) ϭ 39.9, p Ͻ 0.01], with the paired group being significantly different from both immediate shock and naive controls ( p Ͻ 0.05; Duncan's test). The immediate shock group was also observed to differ from naive controls ( p Ͻ 0.05), showing an intermediate level of Arc/Arg3.1 mRNA expression between controls and paired animals. Presentation of tone alone, however, failed to regulate Arc/Arg3.1 mRNA expression in the LA (Fig. 1d) . The ANOVA revealed a significant effect for group [F (2,16) ϭ 12.18, p Ͻ 0.01], with the paired group being significantly different from both tone alone and naive controls ( p Ͻ 0.05; Duncan's test). The tone alone group did not differ from naive controls ( p Ͼ 0.05).
A representative photomicrograph of Arc/Arg3.1 mRNA expression in a coronal hemisection from a paired rat is presented in Figure 1f . Higher level magnifications of Arc/Arg3.1 expression in the LA from paired, immediate shock, and naive animals are depicted below. Arc/Arg3.1 mRNA was observed to be robustly expressed in the cortex and CA subfields of the hippocampus. In the LA, Arc/Arg3.1 mRNA appeared to be most robustly expressed in the dorsal regions of the LAd and extending diffusely into the ventral LA. Consistent with the qRT-PCR data, we observed a significant elevation in Arc/Arg3.1 mRNA in the LA relative to immediate shock and naive controls (Fig. 1g) . The ANOVA revealed a significant effect for group [F (2,17) ϭ 10.19, p Ͻ 0.01], with the paired group being significantly different from the immediate shock and naive controls ( p Ͻ 0.05; Duncan's test). The immediate shock group was also observed to differ from naive controls ( p Ͻ 0.05).
Auditory fear conditioning regulates Arc/Arg3.1 protein in the LA The findings of our Arc/Arg3.1 protein experiments are presented in Figure 2 . In these experiments, we exposed rats to either 3 tone-shock pairings or to 3 immediate shocks as in our mRNA experiments, followed by killing 2 h later (Fig. 2a) .
Using Western blotting, we observed a significant increase in Arc/Arg3.1 protein expression in LA homogenates relative to immediate shock and naive controls (Fig. 2b) . The ANOVA revealed a significant effect for group [F (2,16) ϭ 5.86, p Ͻ 0.02], with the paired group being significantly different from both immediate shock and naive controls ( p Ͻ 0.05; Duncan's test). There were no significant differences between naive and immediate shock groups ( p Ͼ 0.05). The levels of the loading control GAPDH, however, failed to differ between groups, F (2,16) ϭ 1.55 (data not shown), suggesting that protein lysate loading was equivalent among the three groups.
Our immunohistochemical findings are presented in Figure  2c -h. We observed Arc/Arg3.1 labeled cells throughout the LA and adjacent cortical regions. Labeling was also observed in the adjacent basal nucleus (B), whereas that in the central nucleus of the amygdala (CE) was low. Labeling in the LA appeared to be most prominent in the dorsal regions of the LA, extending into the ventral portions of LAd and also into LAvl. There were also a few labeled cells in LAvm. Representative photomicrographs from paired, immediate shock, and naive rats can be viewed in Figure 2c -e, and higher magnification photomicrographs from a paired rat are presented in Figure 2f ,g. Cell counts from the LA (including LAd, LAvl, and LAvm), the CE, and the basal nucleus can be viewed in Figure 2h . Statistical analysis on cell counts revealed that Arc/Arg3.1 labeling was significantly increased in the LA in paired animals relative to immediate shock or naive conditions. The ANOVA revealed a significant effect for group [F (2,6) ϭ 26.35, p Ͻ 0.01], with the paired group being significantly different from immediate shock and naive controls ( p Ͻ 0.05; Duncan's test). There were no significant differences between naive and immediate shock groups ( p Ͼ 0.05). A similar pattern of findings was observed for the basal nucleus. The ANOVA revealed a significant effect for group [F (2,6) ϭ 12.47, p Ͻ 0.01], with the paired group being significantly different from immediate shock and naive controls ( p Ͻ 0.05; Duncan's test). There were no significant differences between naive and immediate shock groups ( p Ͼ 0.05). In the CE, however, no significant elevation in Arc/Arg3.1 was observed. The ANOVA revealed no significant effects [F (2,6) ϭ 2.43, p Ͼ 0.05].
LTP-inducing stimulation of thalamo-LA synapses regulates Arc/ Arg3.1 mRNA and protein in the LA
In the first series of experiments, we examined the regulation of Arc/Arg3.1 mRNA and protein after auditory fear conditioning. Here, we examined Arc/Arg3.1 regulation after LTP-inducing stimulation of auditory thalamic inputs to the LA. We focused on thalamic inputs because this pathway has been the most extensively characterized at the pharmacological level and has been shown to exhibit the longevity properties in LTP that are desirable as a mechanism of long-term memory formation (Doyère et al., 2003) .
In these experiments, rats received either high-frequency stimulation (HFS) or low-frequency stimulation (LFS) of thalamic inputs to the LA as described above (see Materials and Methods) and were killed by decapitation or perfusion either 30 min (in situ experiments) or 2 h later (Western blot experiments). We and others have recently shown that this HFS protocol reliably induces LTP in the LA that lasts for at least 60 min (Yaniv et al., 2000 (Yaniv et al., , 2001 Doyère et al., 2003; Schafe et al., 2008) , whereas the LFS protocol produces no LTP (Schafe et al., 2008) .
A representative photomicrograph of Arc/Arg3.1 mRNA expression in a coronal section from a rat that received HFS is presented in Figure 3a . Higher level magnifications of Arc/Arg3.1 expression in the LA from rats receiving HFS and LFS on the side ipsilateral to the simulation are depicted to the right. Arc/Arg3.1 mRNA was robustly expressed on the stimulated side of the brain, including in most regions of the cortex and within CA1 subfields. In the LA, high-frequency stimulation induced a robust activation of Arc/Arg3.1 mRNA ipsilateral to the stimulation (Fig. 3b) .
Relative to the contralateral side of the brain, this activation was significantly different, t (5) ϭ 6.12, p Ͻ 0.01. In contrast, LFS did not lead to elevations in Arc/ Arg3.1 mRNA expression in the LA, t (5) ϭ 0.16, p Ͼ 0.05. Further, HFS rats differed significantly from LFS rats on the stimulated side of the brain, t (10) ϭ 8.62, p Ͻ 0.01. This same pattern of findings was observed in the Western blotting experiment (Fig. 3c) . Relative to the contralateral side of the brain, we observed significantly higher levels of Arc/Arg3.1 protein in LA homogenates from HFS rats [t (7) ϭ 5.53, p Ͻ 0.01], but homogenates from LFS rats failed to differ significantly from the contralateral side [t (3) ϭ 1.43]. Further, HFS rats differed significantly from LFS rats on the stimulated side of the brain, t (10) ϭ 2.42, p Ͻ 0.05. Levels of the loading control GAPDH, however, failed to differ between the two sides for HFS [t (7) ϭ 1.30] or LFS [t (3) ϭ 0.89] rats (data not shown).
Immunohistochemical localization of Arc/Arg3.1 after HFS and LFS can be seen in Figure 3d ,e. High-frequency stimulation induced robust expression of Arc/ Arg3.1 in the LA that was prominent in both the dorsal LAd and extending into the more ventral portions of the LAd and LAvl (Fig. 3d) . In contrast, LFS produced little Arc/Arg3.1 expression in the LA (Fig. 3e) . Higher level magnification images from an HFS rat can be observed in Figure 3f ,g. Interestingly, the CE exhibited high levels of Arc/Arg3.1 expression that did not appear to vary as a function of stimulation condition (Fig. 3d,e) . This same pattern of findings was also observed in the mRNA experiments, and even on the contralateral side of the brain (Fig. 3a) . Importantly, we did not observe a comparable level of Arc/ Arg3.1 mRNA or protein expression in the CE of our awake/behaving rats (Figs. 1, 2) , which might suggest that labeling in the CE may have been an artifact of urethaneinduced anesthesia.
Together with our previous observations, these findings indicate that both auditory fear conditioning and synaptic plasticity at thalamo-LA inputs induce Arc/ Arg3.1 mRNA and protein in the LA.
Antisense knockdown of Arc/Arg3.1 in the lateral amygdala impairs fear memory consolidation Our initial series of experiments showed that Arc/Arg3.1 mRNA and protein were regulated in the LA by fear conditioning and by LTP-inducing stimulation of LA synapses. In this series of experiments, we asked whether Arc/Arg3.1 was obligatory for fear memory consolidation using local- Figure 2 . Fear conditioning regulates Arc/Arg3.1 protein in the lateral amygdala. a, Schematic of the behavioral protocol. Rats were habituated to handling for 2 d, trained with 3 pairings of a tone and shock (Paired), and killed 2 h later. Control animals received handling for 2 d followed by 3 immediate shocks (Imm. Shock) and were killed 2 h later. A third group consisted of naive rats that had been handled but given no further stimulation (Naive). b, Western blot analysis of Arc/Arg3.1 protein in the LA of Paired (n ϭ 6), Imm. Shock (n ϭ 7), and Naive (n ϭ 6) groups after fear conditioning. *p Ͻ 0.05 relative to Naive and Imm. Shock groups. Representative blots can be seen in the inset. c-e, Representative 10ϫ photomicrographs of immunolabeled Arc/Arg3.1 neurons in a Paired, Imm. Shock, and Naive rat, respectively. f, g, Higher level (20 and 40ϫ, respectively) magnifications of Arc/Arg3.1 labeled neurons from the box in the Paired rat in c. Note that Arc/Arg3.1 label is present throughout the soma, dendrites, and nucleus of LA cells. h, Quantification of Arc/Arg3.1 labeled cells in the LA, CE, and basal nucleus (B) of the amygdala of Paired (n ϭ 3), Imm. Shock (n ϭ 3), and Naive (n ϭ 3) groups after fear conditioning. *p Ͻ 0.05 relative to Naive and Imm. Shock groups.
ized antisense oligodeoxynucleotide (ODN) knockdown of Arc/ Arg3.1 protein in the LA. In the first series of experiments, we used a biotinylated Arc/Arg3.1 ODN to assay the extent of Arc/ Arg3.1 antisense ODN diffusion throughout the LA. Next, we examined whether intra-LA infusion of Arc/Arg3.1 antisense ODN produced significant knockdown of Arc protein in the LA. Finally, we asked whether knockdown of Arc/Arg3.1 in the LA impairs fear memory consolidation. Figure 4a -c depicts the diffusion of biotinylated Arc/Arg3.1 antisense ODN at three rostrocaudal levels of the LA three h after infusion (2 nmol; 1 l). At each level, the ODN remained remarkably confined to the borders of the LA, largely sparing both the central nucleus of the amygdala (CE), the basal nucleus of the amygdala (B), and the adjacent perirhinal cortex. At higher magnification, Arc/Arg3.1 antisense ODN was observed to be localized to cell bodies and dendrites in the LA, indicating that the ODN was actively taken up by cells (Fig. 4d,e) . Labeling of the biotinylated Arc/Arg3.1 ODN was less pronounced at 6 and 24 h after infusion (data not shown).
Arc/Arg3.1 ODN is anatomically confined to the LA and promotes significant knockdown of Arc protein
Arc/Arg3.1 protein knockdown is depicted in Figure 4f . In these experiments, rats received intra-LA infusion of either antisense (AS) or scrambled (S) ODN (2 nmol; 1 l) on opposite sides of the brain and were killed at 3, 6, or 24 h later. The analysis revealed a significant knockdown of Arc/Arg3.1 protein 6 h after infusion, t (12) ϭ 2.95, p Ͻ 0.02. There was no significant effect of the antisense ODN infusion at either 3 h [t (10) ϭ 0.10, p Ͼ 0.05] or 24 h [t (10) ϭ 0.10, p Ͼ 0.05] after infusion.
Collectively, these findings indicate that Arc/Arg3.1 ODN is anatomically restricted to the LA after infusion of this dose and volume, taken up by LA cells, and results in significant and transient knockdown of Arc/Arg3.1 protein. Furthermore, our findings suggest that although Arc/Arg3.1 ODN is maximally expressed in cells of the LA at 3 h after infusion, the effects of the ODN on Arc/Arg3.1 protein expression are not evident until at least 6 h later.
Impaired fear memory consolidation after Arc/Arg3.1 knockdown in the LA
The findings of the behavioral experiments are presented in Figure 5 . In these experiments, we infused rats with one of two doses of either scrambled or Arc/Arg3.1 antisense ODN 6 h before fear conditioning (0.2 or 2 nmol; 1 l), and then tested each rat for retention of auditory fear conditioning at both 3 h (STM) and 24 h (LTM) later.
Rats infused with either scrambled or Arc/Arg3.1 antisense ODN had intact postshock freezing after training (Fig. 5b) were not significant. Similarly, each group had intact STM when tested for auditory fear memory 3 h after training (Fig. 5c effect on acquisition or STM formation of auditory fear conditioning.
In contrast to the STM test, both groups infused with Arc/Arg3.1 antisense ODN had impaired LTM relative to scrambled controls (Fig. 5d) . The ANOVA (group by dose) revealed a significant effect of group, F (1,24) ϭ 5.45, p Ͻ 0.03. The effect of dose [F (1,24) ϭ 0.20] and the group by dose interaction [F (1,24) ϭ 0.01] did not reach significance. To further analyze this effect, we expressed each animal's LTM score as a percentage of its STM score (Fig.  5e) . The ANOVA (group by dose) revealed a significant effect of group, F (1,24) ϭ 9.87, p Ͻ 0.01. The effect of dose [F (1,24) ϭ 0.24] and the group by dose interaction [F (1,24) ϭ 0.05] did not reach significance. Thus, although knockdown of Arc/Arg3.1 protein in the LA has no effect on acquisition or STM formation of auditory fear conditioning, LTM is significantly impaired.
Importantly, animals infused with the highest dose of Arc/Arg3.1 antisense ODN were capable of relearning the fear association ϳ1 week later. Rats were retrained ODN free, then retested for retention of auditory fear conditioning (Fig. 5d) . Relative to their first LTM test, antisenseinfused rats exhibited significantly higher freezing scores at retest [t (6) ϭ 3.08, p Ͻ 0.03], which did not differ significantly from the amount of freezing exhibited by scrambled controls in the first test, t (11) ϭ 1.10, p Ͼ 0.05. Thus, the memory impairments observed in the Arc/Arg3.1 antisense ODN-infused rats cannot be attributable to damage to the LA that emerged late in the consolidation process.
Histological verification of the cannula placements for rats infused with either scrambled or Arc/Arg3.1 antisense ODNs are depicted in Figure 5f . Cannula tips were observed to lie throughout the LA at various rostrocaudal levels. Only rats with cannula tips at or within the boundaries of the LA were included for data analysis.
Arc/Arg3.1 regulation is downstream of ERK/MAPK activation in the lateral amygdala
In our behavioral experiments, we determined that antisense knockdown of Arc/ Arg3.1 impairs memory consolidation of auditory fear conditioning. In this final experiment, we asked whether traininginduced expression of Arc/Arg3.1 might be downstream of activation of the extracellular-signal regulated kinase/mitogenactivated protein kinase (ERK/MAPK) signaling pathway. The ERK/MAPK signaling pathway has been widely implicated in both synaptic plasticity Sweatt, 1996, 1997; Impey et al., 1998 Impey et al., , 1999 Davis et al., 2000; Sweatt, 2004) and in memory consolidation (Brambilla et al., 1997; Atkins et al., 1998; Blum et al., 1999; Schafe et al., 1999) , including fear memory consolidation in the LA (Schafe et al., , 2005 . Furthermore, recent studies have shown that activation of the ERK/MAPK signaling pathway regulates the transcription of Arc/Arg3.1 (Waltereit et al., 2001) , as well as targeting of newly synthesized Arc/Arg3.1 mRNAs to synaptic sites (Huang et al., 2007) .
In our experiments, rats were given bilateral intra-LA infusion of the MEK inhibitor U0126 (1 g/side), a dose that has previously been shown to effectively impair ERK/MAPK activation and memory consolidation of auditory fear conditioning and the consolidation of training-induced synaptic Note the large number of cells exhibiting uptake of the ODN. f, Arc/Arg3.1 protein from LA homogenates in rats killed either 3 (n ϭ 11), 6 (n ϭ 13), or 24 h (n ϭ 11) after infusion of either scrambled or antisense ODNs. *p Ͻ 0.05 relative to the scrambled ODN-infused side.
plasticity in the LA (Schafe et al., 2005) . Thirty minutes later, rats were conditioned with 3 tone-shock pairings as before and killed 2 h later by either decapitation or perfusion (Fig. 6a) . In Western blotting experiments, Arc/Arg3.1 protein expression was examined in homogenates taken from around the cannula tips. To verify the effectiveness of U0126 in impairing ERK/MAPK activation in each sample, we also probed the blots with an antiphospho-ERK antibody. In immunohistochemical experiments, brain slices containing the LA were processed using an anti-Arc/ Arg3.1 antibody as above.
The findings of the Western blotting experiment are presented in Figure 6b . Relative to Vehicle-infused controls, rats infused with U0126 exhibited significantly lower expression of both Arc/ Arg3.1 and activated ERK/MAPK in the LA after fear learning. The ANOVA (drug group by protein) revealed a significant effect for drug [F (1,20) ϭ 13.39, p Ͻ 0.01]. The effect for protein [F (1,20) ϭ 0.53] and the drug by protein interaction [F (1,20) ϭ 0.53] were not significant. Further, both groups (vehicle, U0126) exhibited equivalent expression of total (unphosphorylated) ERK/MAPK, t (10) ϭ 1.70, p Ͼ 0.05 (data not shown), indicating that the reduction in Arc and phospho-ERK protein was not caused by druginduced alterations in total protein.
The findings of the immunohistochemical experiment are presented in Figure 6c -e. Relative to Vehicle-infused controls, rats infused with U0126 exhibited significantly lower expression of Arc/Arg3.1 labeled cells in the LA after fear learning [t (6) ϭ 8.30, p Ͻ 0.01]. Cannula placements for animals infused with either Vehicle or U0126 can be observed in Figure 6f . Only rats with cannula tips at or within the boundaries of the LA were included for data analysis.
Thus, ERK/MAPK activation appears to be upstream of training-induced elevations in Arc/Arg3.1 expression in the LA.
Discussion
In the present study, we examined the role of the immediate early gene Arc/Arg3.1 in fear memory consolidation and synaptic plasticity in the LA using a combination of biochemical, immunohistochemical, and behavioral methods. Arc/Arg.3.1 has been extensively studied in hippocampal-dependent learning and synaptic plasticity (Guzowski and McGaugh, 1997; Steward et al., 1998; Guzowski et al., 2000; Steward and Worley, 2001a) , but little is known about its role in other types of learning and memory. A recent study, however, indicated that mice with a global knockout of Arc/Arg3.1 exhibit impaired long-term memory of contextual and auditory fear conditioning . Consistent with that finding, we report here that Arc/Arg3.1 mRNA and protein is transiently expressed in the LA after both fear conditioning and LTP-inducing stimulation of thalamic inputs to the LA. Furthermore, antisense knockdown of Arc/Arg3.1 protein in the LA impairs memory consolidation; that is, LTM is impaired, whereas STM is intact. Finally, we show that intra-LA infusion of the MEK inhibitor U0126 impairs training-induced expression of Arc/Arg3.1 in the LA. Collectively, our findings strongly favor the Figure 5 . Antisense knockdown of Arc/Arg3.1 protein in the LA impairs memory consolidation of auditory fear conditioning. a, Schematic of the behavioral protocol. Rats were infused (1 l/side) with one of two doses of scrambled ODN (200 pmol, n ϭ 7 or 2 nmol, n ϭ 6), or one of two doses of Arc/Arg3.1 antisense ODN (200 pmol, n ϭ 8 or 2 nmol, n ϭ 7) 6 h before fear conditioning consisting of 1 tone-shock pairing. b, Postshock freezing scores in each group immediately after the conditioning trial. c, Auditory fear memory assessed at 3 h after fear conditioning in each group. The black bars represent the scrambled ODN-infused groups, whereas the gray bars represent the antisense-infused groups. d, Auditory fear memory assessed at 24 h after fear conditioning in each group. *p Ͻ 0.05 relative to the scrambled ODN-infused groups. Also depicted are the memory retest scores for rats in the 2 nmol of Arc/Arg3.1 antisense group that were reconditioned drug-free ϳ1 week later. e, Data depicting LTM as a percentage of STM for each rat in each group. *p Ͻ 0.05 relative to the scrambled ODN-infused groups. f, Histological verification of cannula placements for rats infused with 200 pmol of scrambled ODN (black circles), 200 pmol of Arc/Arg3.1 antisense ODN (white circles), 2 nmol of scrambled ODN (black squares) or 2 nmol of Arc/Arg3.1 antisense ODN (white squares). Panels were adapted from Paxinos and Watson (1997). mation. In our experiments, we show that antisense knockdown of Arc/Arg3.1 in the LA impairs LTM at ϳ24 after fear conditioning, but leaves fear acquisition and STM intact (e.g., at 3 h after fear learning). These findings are consistent with those of Guzowski et al., 2000 , who showed that hippocampal knockdown of Arc/Arg3.1 impairs LTM in the Morris water maze, without affecting acquisition or STM (Guzowski et al., 2000) . They are also consistent with those of Plath et al., 2006 , who showed that Arc/Arg3.1 knock-out mice have intact acquisition and retention over the first several blocks of trials in the Morris water maze, but begin to show impairments during later trials . Although this latter finding at first may seem at odds with that of Guzowski et al., 2000 , it should be noted that Plath et al., 2006 used a much longer training protocol (9 trials), in which each block of trials was separated by 30 min, whereas Guzowski and colleagues used a protocol consisting of only two blocks of trials separated by 30 min (Guzowski et al., 2000; Plath et al., 2006) . Together with our own findings, these findings suggest that learning induced transcription and translation of Arc/Arg3.1 promotes long-term synaptic plasticity and memory formation, without affecting short-term plasticity in both hippocampus and amygdala.
The precise mechanism by which Arc/Arg.3.1 contributes to long-term synaptic plasticity and memory formation is currently unknown. Arc/Arg3.1 is known to be induced by patterns of neural activity that promote synaptic plasticity and is thought to be trafficked and localized to recently potentiated synapses (Steward et al., 1998; Steward and Worley, 2001a) . In the dentate gyrus, such trafficking and localization of Arc/Arg3.1 mRNA and protein have been readily observed after LTP-inducing synaptic stimulation, a process that requires activation of the NMDA receptor (Steward and Worley, 2001a,b) . More recent studies using ultrastructural methods have confirmed that LTP-inducing stimulation is associated with enhanced Arc/Arg3.1 protein expression in dendrites and spines (Rodríguez et al., 2005) , and in an input specific manner (Moga et al., 2004) . One recent and intriguing hypothesis is that Arc/Arg3.1 regulates AMPA receptor tracking at synapses Rial Verde et al., 2006; Shepherd et al., 2006) , where expression of Arc/Arg3.1 may regulate synaptic homeostasis (Rial Verde et al., 2006) . AMPA receptor regulation is known to be critical for synaptic plasticity and memory formation (Malinow, 2003) , including that of fear conditioning (Rumpel et al., 2005) . It would be of interest to examine whether fear conditioning or synaptic plasticity in the LA is similarly accompanied by synaptic localization and translation of Arc/Arg3.1 mRNA, an experiment that is beyond the scope of the present manuscript.
In our immunohistochemical experiments, we observed training-induced increases in Arc/Arg3.1 protein in dendritic processes, somas, and nuclei of LA cells. Although trafficking and localization of Arc/Arg3.1 to dendritic and synaptic sites has received much attention, relatively little is known about the functional significance of trafficking of Arc/Arg3.1 protein to the nucleus. This same pattern of regulation, however, has been observed in hippocampus after LTP-inducing stimulation (Steward and Worley, 2001a,b) . It has been suggested that Arc/Arg3.1 might play a dual role in long-term synaptic plasticity and memory: one at synapses where it serves to promote synapse-specific plasticity, and another in the nucleus where it may serve to regulate certain aspects of transcription (Bloomer et al., 2007) . Although Arc/Arg3.1 is not considered a classical transcription factor like other IEGs (Guzowski, 2002) , it may nonetheless regulate transcriptional activity by influencing events in the nuclear matrix (Bloomer et al., 2007) . Additional experiments will be required to more fully explore the role of Arc/Arg3.1 in the nucleus.
Our behavioral experiments used antisense ODN technology to manipulate Arc/Arg3.1 protein expression in vivo, which presents a number of potential difficulties related to distribution and uptake, efficacy, and toxicity. Although the use of ODNs has proven successful in the hippocampus (Guzowski and McGaugh, 1997; Guzowski et al., 2000; Taubenfeld et al., 2001) , fewer studies have used ODNs to manipulate gene expression in the amygdala (but see Malkani et al., 2004; Milekic et al., 2007) . In our experiments, we show that intra-LA infusion of a biotinylated Arc/Arg3.1 ODN exhibits significant spread within the LA. The distribution of the ODN both throughout the LA and within cells is prominent at 3 h after infusion, but is less prominent in the tissue 6 h later (data not shown). Although we cannot be certain that the nonbiotinylated ODNs used in the behavioral experiments exhibit similar diffusion dynamics, we were able to show that this same volume and dose of ODN given 6 h, but not 3 or 24 h, before brain removal reduces the expression of Arc/Arg3.1 protein by ϳ20% in amygdala homogenates relative to controls infused with scrambled ODN. Thus, the ODN appears to require a window of ϳ6 h after infusion to begin to result in significant reduction in Arc/Arg3.1 protein expression. The fact that fear acquisition and STM formation is left intact after Arc/Arg3.1 ODN manipulations also rules out possible nonspecific explanations of the ODN effect, including the possibility that Arc/Arg3.1 ODN infusion disrupts fear acquisition by impairing sensory and/or performance factors, including the ability of the amygdala to process tone and shock information. Further, we show that rats treated with the antisense ODN are capable of relearning fear when retrained ODN-free ϳ1 week later, suggesting that that antisense ODN treatment, at the doses used in the present study, do not produce a lesion or result in any long-term toxicity to the amygdala. Collectively, these findings provide strong evidence of the usefulness of ODN technologies for manipulating gene expression and memory in the fear learning system.
The results of the present study clearly suggest that Arc/Arg3.1 underlies synaptic plasticity and fear memory consolidation in the LA. These findings expand nicely on those of previous studies that have examined the role of Arc/Arg3.1 in hippocampaldependent learning and memory and make an additional contribution toward understanding the cellular and molecular processes underlying emotional memory formation in the amygdala.
